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a b s t r a c t
Oxidation is an important effect of irradiation on polyethylene in air. In this work, oxidation of ultra-high
molecular weight polyethylene (UHMWPE) powder (ca. 110 μm in diameter) induced by gamma rays (γ
ray) and electron beams (EB) in air resulted in some large differences in properties, such as oxidative
scission due to dose rate differences. However, other properties, such as surface wettability and thermal
stability were not that greatly affected. The dose-rates used were 0.0019 kGy/s from a cobalt-60 gamma
source and 92 kGy/s from an electron beam. The chemical structure, oxidation level, surface wettability and
thermal stability of irradiated UHMWPE were analyzed by FT-IR, XPS, TGA and the static contact angle.
Hydrophilic carboxyl and carbonyl groups were present on the surface of irradiated UHMWPE after irradiation in air, resulting in a decrease in the contact angle. After irradiation at 300 kGy, the gel content of the
γ ray-irradiated UHMWPE samples decreased to almost zero, while that of EB irradiated UHMWPE decreased to 57%. For UHMWPE powder irradiated by gamma rays at lower doses, radiation-induced oxidation was complete and consistent with a simple theoretic estimation. Surface wettability was primarily
affected by surface oxidation, and the oxidation level of UHMWPE could be easily predicted.
& 2015 Elsevier Ltd. All rights reserved.

1. Introduction
Because of its high chemical resistance (Raghuvanshi et al.,
2012; Zhao et al., 2011), excellent biocompatibility (Ravanbakhsh
n

Corresponding author. Fax: þ86 21 39194531.
E-mail address: wuguozhong@sinap.ac.cn (G. Wu).

http://dx.doi.org/10.1016/j.radphyschem.2015.06.012
0969-806X/& 2015 Elsevier Ltd. All rights reserved.

et al., 2010) and mechanical properties (Torrisi et al., 2007), ultrahigh molecular weight polyethylene (UHMWPE) is useful in many
ﬁelds, such as medical devices, engineering (Raghuvanshi et al.,
2012) and defense supplies (Stephens et al., 2007). One of the most
outstanding properties of UHMWPE is its desirable anti-wear
performance. UHMWPE has been used to manufacture artiﬁcial
hip and knee joints. Wear-resistant plates made from UHMWPE
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have also been applied in high-speed rail system. Some drawbacks
of UHMWPE are its lower thermal stability, lower melting point,
and poor creep-resistance performance, and these can be overcome by crosslinking through radiation. The surface wetness and
compatibility of UHMWPE ﬁbers or parts can also be improved by
radiation grafting polymerization, which is important for longterm performance of UHMWPE composites. For radiative crosslinking or grafting polymerization, radicals remaining in the
UHMWPE have to be removed by annealing or scavengers to avoid
post-irradiation oxidation that may seriously damage mechanical
performance.
Irradiation is a useful method to alter the properties of
UHMWPE, and γ ray and EB irradiation have been widely used
(Abdul-Kader et al., 2009; Joshi et al., 2013; Long et al., 2010; Ravanbakhsh et al., 2010). Upon irradiation, cleavage of C–H and C–C
bonds (Joshi et al., 2013; Oral and Muratoglu, 2007; Slouf et al.,
2008; Źenkiewicz et al., 2003) will result in the formation of free
radicals (Medel et al., 2005; Shah and Fuzail, 2007; Zhao et al.,
2010), chain scission (Reinitz et al., 2014), and cross-linking and
the release of hydrogen gas (Brunella and Paganini, 2011). Furthermore, in the presence of oxygen, oxidation is a signiﬁcant effect (Archodoulaki et al., 2011; Jahan and Durant, 2005; Kamweru
et al., 2012; Medel et al., 2005; Mehmood et al., 2013; Oral et al.,
2006). The reaction of radiation-induced free radicals with oxygen
will generate many oxidation products, such as ether, ester and
carbonyl groups (Elzubair et al., 2003; Kasser et al., 2010; Takaoka
et al., 2007; Turos et al., 2009; Yakusheva et al., 2010). These
generated hydrophilic and polar groups on the surface could
change the UHMWPE surface's chemical structure or wettability
because the surface wettability of a polymer primarily depends on
the amount of hydrophilic groups (Ravanbakhsh et al., 2010). In
most cases, irradiation is carried out in an air atmosphere for
sterilization or material modiﬁcation (Zhang et al., 2012), and radiation oxidation of UHMWPE cannot be ignored. Moreover,
UHMWPE has a very high molecular weight and excellent wear
resistance, but poor compatibility with other polymer materials,
and it is feasible to produce functional UHMWPE via radiation
oxidation for the use as a polymer alloy (e.g. with nylon).
The main purpose of this work was to investigate the radiationinduced oxidation of a UHMWPE powder with a small particle
size, which is beneﬁcial for the penetration of air through
UHMWPE. To better understand the dose rate dependence of radiation oxidation, irradiation was carried out by γ rays and EB
accelerators under atmosphere with different dose rates up to 104.
Because of the orders of magnitude difference in dose-rates,
UHMWPE powders were maintained in air under ioizing radiation
for considerably longer times (hours) when exposed to gamma in
contrast to only a few seconds under EB. Oxygenated species
within the polymer, including peroxy radicals, had considerably
longer times to form and react with other species during gamma
exposure. Thus there was great difference in the oxidation level of
gamma ray and EB irradiation. The radiation-induced oxidation
scission, surface wettability and thermal stability variation of
UHMWPE were analyzed and compared. The surface wettability of
UHMWPE was improved after irradiation. Simultaneously, the
UHMWPE powder could be completely oxidized by irradiation of γ
rays in air, but it was incompletely oxidized by EB irradiation.
Radiation oxidation had an insigniﬁcant inﬂuence on the thermal
stability of UHMWPE likely because of its original high molecular
weight. This implies that the fabrication of fully oxidized
UHMWPE powder by γ irradiation in air is possible.
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2. Experimental section
2.1. Materials
Ultra-high molecular weight polyethylene (UHMWPE) U050F
powder was purchased from the Korea Petrochemical Ind. Co. Ltd.
with an average molecular weight of 5.5  106. The average particle size was approximately 110 μm with a density of 0.93 g/cm3
(23 °C). Prior to irradiation, the powder was washed with acetone
at 60 °C several times and then dried in a vacuum.
2.2. Irradiation
A series of samples were irradiated by gamma rays and electron
beams under atmospheric condition with doses of 15 to 300 kGy.
Gamma ray irradiation was carried out in a Co-60 gamma ray
source at the Shanghai Institute of Applied Physics at a dose of
0.0019 kGy/s. The irradiation of the electron beam accelerator was
carried out in the Changshu Irradiation Center with an electron
beam energy of 2.5 MeV, a beam current of 10 mA and a dose of
92 kGy/s. After irradiation, all samples were stored at room temperature in air.
2.3. Characterization
2.3.1. FT-IR spectroscopy
Fourier transform infrared spectra (FT-IR) were collected from
potassium bromide pellets (KBr) on a Bruker Tensor 27FT-IR
spectrometer (Bruker Optics, Germany). The peak located at
2020 cm  1 was used as the internal reference peak to normalize
the curves (Regis et al., 2014; Slouf et al., 2008). The degree of
oxidation degradation was described as the oxidation index (OI)
which was deﬁned as follows (Castell et al., 2013; Oral et al., 2014;
Reinitz et al., 2014):

Oxidation index (OI) =

absorption_area1680 − 1780cm−1
absorption_area1330 − 1390cm−1

(1)

where absorption_area1680–1780 cm  1 is the absorbance of C ¼ O
bond in ketones, carboxyls and other species (Slouf et al., 2008),
and absorption_area1330-1390 cm  1 is internal –CH2– vibration
absorbance (Archodoulaki et al., 2011; Chappa et al., 2006; del
Grosso et al., 2008; Long et al., 2010; Reinitz et al., 2014; Shi et al.,
2013).
2.3.2. X-ray photoelectron spectroscopy (XPS)
XPS measurements were made on an Axis Ultra-DLD spectrometer (Kratos, England) using AI Kα radiation with a cathode
voltage of 15 kV, a current intensity of 10 mA and a pressure of
5  10  9 Torr. The survey scans were recorded from 0 to 1120 eV
simultaneously with a step of 0.5 eV.
2.3.3. Gel content
The gel content was determined by a soxhlet extractor using
xylene as the solvent. Samples were reﬂuxed in boiling xylene for
approximately 48 h and later placed in a vacuum oven and dried at
60 °C for 24 h to remove the residual solvent. The gel content was
calculated as follows:

Gel content (%) =

M1
× 100%
M0

(2)

Where M0 is the initial weight of the UHMWPE sample, and M1 is
the weight of the insoluble part. UHMWPE is totally insoluble in
boiling xylene because of its high molecular weight, and its “gel
content” is nearly 100%. Therefore, the gel content measured in
this work can be considered as the part of UHMWPE not oxidized
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by radiation.
2.3.4. Contact angle (CA)
CA experiments were carried out on KSV Instruments. Prior to
these experiments, all powder samples were pressed into thin
ﬁlms. A drop of approximately 20 μL of ultrapure water was
dropped onto the surface of the UHMWPE ﬁlm at a certain rate,
and the pictures were automatically recorded by a NAVITAR
camera with a minimum of 5 replicate readings of the same surface area. Each sample was measured 5 times at different locations
on the surface of the thin ﬁlm.
2.3.5. Thermogravimetric analysis (TGA)
TGA was performed to evaluate the thermal stability of the irradiated samples using a Pyris 1 Thermogravimetric Analyzer
(Perkin-Elmer Inc, Shelton, CT, USA) from 50 °C to 600 °C with a
heating rate of 10 °C/min and nitrogen ﬂow of 20 mL/min.

3. Results and discussion
3.1. Radiation oxidation and dose dependence
3.1.1. Radiation-induced oxidation: chemical variation and surface
modiﬁcation
The structure variations of all samples were investigated by FTIR spectroscopy. Fig. 1a shows the FT-IR curves of the γ ray-irradiated UHMWPE samples at doses of 0–300 kGy. All spectra show
a strong peak at 1460 cm  1 due to vibration of the methylene
group (–CH2–) (Abdul-Kader et al., 2009; Archodoulaki et al.,
2011). A new band located at 1716 cm  1 can be observed in the
curves of the irradiated samples. As the samples were irradiated
under atmospheric conditions, radiation could induce oxidation of
the polyethylene chains to generate ketones and carboxyl groups
(Archodoulaki et al., 2011; Kaneeda et al., 1999). Consequently, the
new band at 1716 cm  1 due to the vibration of carbonyl groups
(C ¼O) can be observed in the FT-IR curves of irradiated samples
(Cardoso et al., 2013; Kaneeda et al., 1999). With an increase in
absorbed dose, the intensity of the 1716 cm  1 band increased
gradually because more oxidation products were generated on the
polyethylene chains. This phenomenon was also observed in EB
irradiation, as seen in Fig. 1b. However, compared to γ ray irradiation, the intensity of the 1716 cm  1 band at the same dose was
relatively low (Fig. 2a), likely due to the much higher dose rate

92 kGy/s in EB irradiation and therefore a lesser degree of radiation oxidation.
To quantitatively analyze the degree of oxidation further in the
polyethylene chains, the oxidation index was calculated as shown
in Fig. 2b. With increases in the absorbed dose, the value of OI
increased gradually from almost zero to 2.6 for γ rays and to 1.1 for
EB irradiation. Simultaneously, the increase in OI for γ ray irradiation is faster than that for EB irradiation. This phenomenon can
be enhanced at high absorbed doses. The OI of sample irradiated
by γ rays at 300 kGy was approximately 2.5, while that irradiated
by EB irradiation was approximately 1.1, indicating γ irradiation
leads to higher oxidation than EB irradiation. For irradiation by γ
rays or EBs, the oxygen concentration at the sample surface and
the diffusion coefﬁcient of oxygen were identical, and thus the rate
of oxygen consumption by radiation is the main factor inﬂuencing
the oxidation of samples (Chmielewski et al., 2005; Elzubair et al.,
2003; Kasser et al., 2010; Źenkiewicz et al., 2003). Because of its
much lower dose rate, the γ irradiation time was several thousand
times that of EB irradiation. Additionally, the small powder size of
UHMWPE with a large surface area could beneﬁt the diffusion of
oxygen into the core during irradiation, resulting in a higher level
of oxidation from the γ irradiation. In addition to the irradiation
time, the dose rate itself has a large effect on the oxidation level.
For the same material under identical irradiation conditions, γ
irradiation at a lower dose rate will result in a denser oxidation
layer (Źenkiewicz et al., 2003; Zhao et al., 2011). The depth of the
oxidation layer primarily depends on dose rate for the material
(Liu et al., 2014; Seguchi et al., 1981). This means that the larger
the dose rate, the smaller the depth of oxidation layer. In this
work, the dose rate of EB irradiation was approximately 50,000
times that of γ irradiation, and post-irradiation oxidation may thus
be important because of the residue-free radicals that would also
affect the depth of the oxidized layer. However, post-irradiation
oxidation has been shown to be less signiﬁcant (Daly and Yin,
1998).
Radiation effect on the surface of UHMWPE was further studied
by XPS spectra. Fig. 3a shows the XPS spectra for original, γ rayirradiated and EB-irradiated UHMWPE surface, respectively. All
spectra indicate the presence of oxygen and carbon atoms. The
peak at approximately 285 eV is assigned to C1s photoelectrons
(Jian et al., 2013), likely corresponding to C–C, C ¼O, and O–C ¼O
linkage on the surface of sample (Joshi et al., 2013; Kawashita
et al., 2007; Takaoka et al., 2007; Źenkiewicz et al., 2003). The
presence of O1s at 532 eV in the pristine sample may be attributed

Fig. 1. FT-IR curves of pristine and irradiated UHMWPE samples at different doses: (a) gamma ray irradiation, (b) EB irradiation.
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Fig. 2. (a) Comparison of the FT-IR spectra of the UHMWPE samples irradiated at a dose of 100 kGy; the insert picture is from 1665 cm  1 to 1785 cm  1; (b) the oxidation
index of UHMWPE vs. absorbed dose.

to oxidation during thermal processing of the UHMWPE powder or
additives. After irradiation, the O1s peak in the XPS spectra could
be clearly observed and attributed to the presence of C–O or C ¼O
(Źenkiewicz et al., 2003), indicating surface oxidation during irradiation under air condition. To estimate change in oxygen content in the surface of the UHMWPE powder upon irradiation, the
level of oxidation (O/C ratio) was further quantitatively calculated
and is shown in Fig. 3b. With an increase of absorbed dose, the
level of surface oxidation increased gradually. For samples irradiated at 300 kGy, the level of surface oxidation in case of γ ray
irradiation was 4.3 (Fig. 3b), which is higher by the factor of 1.72 as
compared to that modiﬁed with EB irradiation. Compared to EB
irradiation, the oxidation level in γ irradiation is much higher
(Fig. 3b), suggesting higher oxidation of samples during γ irradiation (Źenkiewicz et al., 2003). These results agree with the results of the IR analysis.
3.1.2. Dose dependence of the gel content
The variations in the gel content of UHMWPE samples irradiated by γ rays and EBs are shown in Fig. 4. With an increase in
the absorbed dose, the gel content of both γ ray- and EB-irradiated
samples decreased gradually, indicating that chain scission via
radiation oxidation was the dominant process during irradiation in

Fig. 4. Gel content of UHMWPE samples irradiated by gamma rays and electron
beams vs. absorbed dose.

Fig. 3. XPS spectra (a) and oxidation level (b) of UHMWPE samples at different absorbed doses.
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air (Long et al., 2010). This phenomenon was more pronounced for
γ irradiation, in which the gel content decreased from 95% in the
pristine sample to almost zero in the sample irradiated at 200 kGy.
However, for the EB-irradiated samples, the gel content only decreased by 38% at 200–300 kGy. This implies that after a dose of
200 kGy, UHMWPE is 100% soluble in the boiling xylene used for γ
irradiation, but is only ca. 40% soluble under the conditions of EB
irradiation.
The pristine sample shows very high gel content approximately
95%, which can be attributed to the chain entanglement. The
UHMWPE powder used in this work with a very high average
molecular weight (5.5  106) has numerous molecular chains that
ultimately induce entanglement (Minkova, 1988; Premnath et al.,
1996), which decreases the mobility of molecular chains. Many
restricted molecular chains cannot be dissolved in boiling xylene
shown as “gel”, and therefore the pristine sample had a very high
gel content. Upon irradiation in air, many molecular chains were
oxidized, and the molecular weight of UHMWPE decreased.
Therefore, the entanglement of the molecular chains decreased,
thereby increasing their mobility, and partial molecular chains
could then dissolve in the boiling xylene, which is shown as a
decrease in gel content. The difference in gel content between γ
and EB irradiations can be attributed to the difference in oxidation
level mentioned in the discussion of the FT-IR and XPS data because a higher degree of oxidation may cause more severe chain
scission. For EB-irradiated samples, since the main portion of
UHMWPE molecules was not oxidized, the decrease in gel content
was relatively insigniﬁcant (Premnath et al., 1996; Yeom et al.,
1998). The gel content measurements indicate that chain scission
was the main process occurring during radiation in air in the
UHMWPE powder. For small sample sizes, radiation oxidation
could go to completion at a low dose rate in air, especially for γ
rays. At high dose rates (EB radiation), the irradiation time was
limited, and even though the concentration of radicals was high,
these radicals may react easier with each other and even induce
cross-linking (Premnath et al., 1996; Yeom et al., 1998). Therefore,
the oxidized portion would be smaller. For samples irradiated with
EB, the storage time was much longer than with γ irradiation.
Post-irradiation oxidation was essential, but slow, and its degree of
oxidation was still much less than with gamma ray irradiation.
3.2. Oxidation scission level in theoretical estimations
The radiation oxidation was analyzed qualitatively or quantitatively by FT-IR and XPS measurements, and to further understand the dependence of the dose rate of oxidation, the depth of
the oxidation layer from the surface (L (μm)) was estimated and
compared to the experimental data. The estimation of L can be
quantitatively described according to Eq. (3) (Liu et al., 2014; Seguchi et al., 1981):

L = (2DS/Φ)1/2 × (P/I )1/2

(3)

where D and S are the diffusion coefﬁcient and solubility of oxygen
in polyethylene, respectively, Φ is the oxygen consumption coefﬁcient, P is the partial oxygen pressure during irradiation, and I is
the dose rate. The D, S and Φ values are intrinsic for the UHMWPE
and are therefore constant in Eq. (3) for γ and EB irradiation. In
addition, the air pressure during irradiation was constant, and P
can also be considered as a constant. Therefore, L primarily
depended on the dose rate (I) in this work and was inversely
proportional to the square root of I. Smaller dose rates will result
in larger oxidation layer depths. This also implies that γ irradiation
would induce much more extensive oxidation than EB irradiation.
Oxidation of UHMWPE will decrease molecular weight and the
entanglement of the molecular chains, while enhancing their

mobility. After a decrease in molecular weight, UHMWPE dissolves
more easily in boiling xylene. In our work, oxidation scission was
the dominant reaction over crosslinking, and the UHMWPE powder could be oxidized completely, especially at higher doses of γ
irradiation. To conﬁrm whether UHMWPE could be oxidized so
extensively, the L was estimated according to Eq. (3). By assuming
that the UHMWPE used in this work has a similar crystallinity to
that used in early literature (Daly and Yin, 1998) and has no special
orientation, the same values of D and S could be applied to the
estimation, i.e., 1.14  10  7 cm2/s and 0.00881 ml(stp)/ml atm,
respectively (Daly and Yin, 1998). Φ is a constant parameter for an
appropriate dose rate and changes only slightly (Wise et al., 1997)
with dose rate. Hence, we assumed the same value of
4  10  10 mol/g Gy, as reported in the literature (Wise et al., 1997).
With P of 0.21 atm andIof 2 Gy/s, L was estimated to be 50 μm. We
assumed that the morphology of the UHMWPE powder was like a
sphere with R0 ¼55 μm, and the non-oxidized portion R2 ¼R0 –
LE 5 μm was approximately 10% of the pristine particle size. We
assumed the volume V0 for the initial sample, and V2 for nonoxidized part after irradiation:

⎛ R ⎞3 ⎛ 5 ⎞3
V2
= ⎜ 2⎟ = ⎜ ⎟ ≈ 0
⎝ 55 ⎠
V0
⎝ R0 ⎠

(4)

V2/V0 E0. This theoretical calculation implies that for UHMWPE
powders with small particle sizes, the oxygen consumption rate is
smaller than the diffusion rate. Therefore, the entire UHMWPE
particle can be oxidized by γ irradiation in air. When the absorbed
dose is high enough, UHMWPE can be completely oxidized, and
the gel content could decrease to zero. However, under EB irradiation, the dose rate is so high that the oxygen consumption rate
is much higher than the diffusion rate, and the oxygen content is
limited in material, making the diffusion of oxygen irrelevant
(Bracco et al., 2006). Thus, the ratio of radicals reacting with
oxygen is minor, and most radicals do not even have a chance to
react with oxygen during irradiation. This may result in greatly
altered Φ values, and it would be unrealistic to calculate L using
Eq. (3). In addition, radiation-generated radicals would be easy to
recombine in UHMWPE, and post-irradiation oxidation may be
signiﬁcant. Therefore, the thickness of oxidation layer for EB irradiation was only calculated on the base of experimental datum.
We assumed the values of the volume and radii (V1 and R1) of
the non-oxidized part of UHMWPE irradiated by γ rays in air at
300 kGy with a gel content less than 1%, which means V1γ/V0 was
less than 1% (Seguchi et al., 1981) from the following equation:

⎛ R1γ ⎞3
=⎜
⎟ ≈ 1%.
V0
⎝ R0 ⎠

V1γ

(5)

We obtained a maximum value of R1γ/R0 E0.2. This means that
R1γ was approximately 11 μm (R1 ¼0.2  R0 ¼ 0.2  55 μm
¼11 μm), and the oxidized layer could be as large as 44 μm
(Lγ ¼R0  R1γ ¼55 μm  11 μm ¼44 μm) as shown in Fig. 5, which is
smaller than that of theoretical calculation. With an increase in
dose, the radiation oxidation increase, the crystallinity of the
sample surface layer would increase, which reduces the diffusion
coefﬁcient (D). Thus, the oxidation layer of practical sample would
be smaller than the theoretical estimation, and this also veriﬁes
our result. As reported on materials with similar crystallinity,
oxygen can penetrate to a depth of 100 μm per day (Premnath
et al., 1996). Under γ irradiation, the irradiation time for sample
irradiated at 300 kGy was approximately 2 days. Therefore, oxygen
could penetrate through the powder, and the interlayer would still
experience some oxidation scission. In this case, the remaining
portions R2 ¼R0  L E5 μm or R1 E11 μm still experience oxidation scission because the oxidation level is not large enough. For
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Fig. 5. Model of radiation oxidative scission in a cross-section of the UHMWPE powder at 300 kGy with experimental and theoretical data: R0, radius of the initial powder
(55 μm); R1γ and R1EB, radii of the non-oxidized portions from γ and EB irradiation, respectively; Lγ and LEB, depths of oxidation layers; R2 and L, radius of the non-oxidized
portion and depth of the oxidation layer in the theoretical estimation.

EB it took only a matter of a few seconds to expose the UHMWPE
powder to 300 kGy.
For samples irradiated by electron beam (EB) in air at 300 kGy
with a gel content approximately 57%, V1EB/V0 was approximately
57%. We used 57% to calculate the non-oxidized part:

⎛ R1γ ⎞3
= ⎜ ⎟ ≈ 57%
V0
⎝ R0 ⎠

V1γ

(6)

R1γ/R0 E0.83 means the R1EB is approximately 45.6 μm
(R1EB ¼0.83  R0 ¼0.83  55 μm¼ 45.6 μm), and the oxidized layer
could be as large as 9.4 μm (LEB ¼R0–R1EB ¼55 μm 45.6 μm¼9.4 μm)
as shown in Fig. 5, which agrees with an earlier report (Tretinnikov
et al., 1998). At the same time, LEB/Lγ ¼9.4/44E21%. This result agrees
with reported values for polyethylene materials in which the oxidative
scission level for EB irradiation was less than 30% that of γ irradiation
́
(Zenkiewicz
et al., 2003) and indicates that the oxidation level of EB
radiation was very small compared to γ radiation at the same dose. The
dose rate has signiﬁcant effects on oxidative scission, which veriﬁes the
IR and XPS results.
An oxidation model is proposed in Fig. 5. For UHMWPE powder,
a dose of 300 kGy was enough to complete oxidation from γ

irradiation, but only partially oxidize the EB-irradiated samples.
3.3. Surface wettability and thermo-stability
Radiation oxidation could also inﬂuence the surface properties
of UHMWPE, such as wettability and polarity. Static contact angle
experiments quantiﬁed the surface wettability of the pristine and
irradiated samples. As seen from the selected pictures of water
droplets on the sample surface shown in Fig. 6a, the pristine
sample had the maximum contact angle of 112°, which can be
attributed to the hydrophobic nature of UHMWPE (Kawashita
et al., 2007). Upon irradiation, the contact angle decreased with
increases in the absorbed dose (Fig. 6b). Under γ irradiation, the
contact angle decreased from 112° to 96.8° at 300kGy. Under EB
irradiation, the contact angle decreased from 112° to 99.8° at the
same dose. The dose rate was quite different, but the difference in
contact angle of UHMWPE after irradiation was small. The decrease in contact angle after irradiation can be attributed to the
formation of hydrophilic groups on the surface during irradiation
(Kawashita et al., 2007). When samples were exposed to γ or EB
irradiation, free radicals were generated on the UHMWPE surface
that interacted with oxygen to form new hydrophilic groups, such

Fig. 6. (a) Optical images of water drops on the surface of the UHMWPE ﬁlm with different doses; (b) static contact angle of UHMWPE vs. absorbed dose.
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Fig. 7. TGA (a, c) and DTG (b, d) curves of UHMWPE irradiated by gamma rays (a, b) and electron beams (c, d) vs. the absorbed dose.

as carboxyl, carbonyl and hydroxyl groups (Elzubair et al., 2003;
Joshi et al., 2013; Źenkiewicz et al., 2003). Consequently, the surface wettability of the irradiated samples increased as a function of
dose. Due to the low dose rate, the time of γ irradiation was ten
thousand times longer than that of EB irradiation, and the oxidation level was higher, producing more hydrophilic groups on
UHMWPE. Therefore, the contact angle of UHMWPE irradiated by
γ irradiation was lower than that by EB irradiation, as shown in
Fig. 6b. However, even though the scission level for γ irradiation
was higher, there was little difference in surface oxidation, as indicated by XPS and surface wettability. The radicals generated on
the surface of the UHMWPE powder can easily react with oxygen
in air. Such oxidation is dependent on the absorbed dose, but independent of the of dose rate. The contact angle decreased by 15°
under γ irradiation at a dose of 300 kGy, which indicates the improvement in surface wettability of UHMWPE was limited even at
a high dose. A signiﬁcant decrease in contact angle can be
achieved by radiation grafting of acrylic acid onto the surface of
the UHMWPE powder (Yakusheva et al., 2010).
Radiation oxidation may result in a decrease in the thermal
stability of UHMWPE. TGA measurements analyzed the thermal
stability of the UHMWPE samples before and after irradiation. As
seen in Fig. 7a and c, all samples show only one main degradation
stage (Xing et al., 2013), and the degradation behavior under both
γ ray and EB irradiation was very similar. This indicates that the

number of C–O or C ¼O groups was limited, and the main chemical
bonds involved were C–C and C–H bonds. The peak temperature
(Td) in the DTG curves (Fig. 7b and d), representing the temperature at which the maximum weight loss rate was reached, shifted
to lower temperatures with an increase in absorbed dose. For
samples irradiated by γ rays, Td decreased from 491 °C for pristine
UHMWPE to 485 °C at 300 kGy, which was approximately 2 °C
lower than in the EB-irradiated samples. The slight decrease in
thermal stability can be attributed to the chain scission during
irradiation or the decrease in molecular weight. Thus, oxidation
level increased with dose increase, and chain scission became
more intense, leading to a lower thermal stability. However, the
dose dependence of Td was insigniﬁcant.
Radiation oxidation of UHMWPE is signiﬁcant as shown in
Figs. 4 and 5, but little change was observed in thermal stability.
This phenomenon can be explained as follows. The molecular
chain was large in the pristine sample, and even though radiative
scission was signiﬁcant, the main molecular chain remained large
enough so that the energy to break the main chemical bonds, C–C
and C–H, did not change greatly.
4. Conclusions
The radiation oxidation of a UHMWPE powder was investigated
in ambient atmosphere by γ ray and EB irradiation with a
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considerable difference in the dose rate. Variations in chemical
structure, surface properties and thermal stability of UHMWPE
were analyzed and compared. Upon irradiation in air, free radicals
on the sample surface reacted with oxygen to generate hydrophilic
groups (e.g., carboxyl, carbonyl), which obviously altered the
chemical structure of UHMWPE. The radiation oxidation was
greatly dependent on the dose rate. For small-sized UHMWPE
powders, radiation oxidation was the dominant process, rather
than cross-linking, and oxidation could occur to completion. This
can be clearly seen in the gel content measurements and theoretical estimation of the oxidation level. Because of the orders of
magnitude difference in dose-rates, UHMWPE powders were
maintained in air under ionizing radiation for considerably longer
times (hours) when exposed to gamma in contrast to only a few
seconds under EB, hence UHMWPE powder could be oxidized
completely at low dose rate. Radiation oxidation was obvious for
irradiation in air, but its effect on surface properties, such as surface wettability and thermal stability, was limited. Radiation oxidation of UHMWPE at lower dose rates could be applied to fabricate fully oxidized UHMWPE, which has potential applications in
polymer engineering.
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